One of the intriguing questions in neurobiology is how long-term memory (LTM) traces are established and maintained in the brain. Memory can be divided into at least two temporally and mechanistically distinct forms. Short-term memory (STM) lasts no longer than several hours, while LTM persists for days or longer. A crucial step in the generation of LTM is consolidation, a process in which STM is converted to LTM. Hippocampus-dependent LTM depends on activation of Ca 2+ , Erk/MAP kinase (MAPK), and cAMP signaling pathways, as well as de novo gene expression and translation. One of the transcriptional pathways strongly implicated in LTM is the CREB/CRE (calcium, cAMP response element) transcriptional pathway. Interestingly, this transcriptional pathway may also contribute to other forms of neuroplasticity including adaptive responses to drugs. Evidence discussed in this review indicates that activation of the Erk1/2 MAP Kinase (MAPK)/ CRE transcriptional pathway during the formation of hippocampus-dependent memory depends on calmodulin (CaM)-stimulated adenylyl cyclases.
Activation of the CREB/CRE transcriptional pathway is necessary for hippocampus-dependent LTM
The calcium, cAMP response element (CRE) has several properties that implicate it in long-term memory (LTM). The CRE can integrate elevated Ca 2+ and cAMP signals (Impey et al. 1998b) , and the CRE-binding protein (CREB) is hypothesized to be a key regulator of LTM. CREB is obligatory for long-term facilitation in Aplysia (Dash et al. 1990; Martin et al. 1997) as well as LTM in Drosophila (Yin et al. 1994 (Yin et al. , 1995 and mice (Bourtchuladze et al. 1994; Pittenger et al. 2002) . In addition, CRE-mediated transcription is activated during L-LTP (long-lasting long-term potentiation) (Impey et al. 1996) , a form of transcriptionally dependent LTP proposed as a model for LTM (Frey et al. 1993; Nguyen and Kandel 1996) . Using a CRE-LacZ reporter mouse strain, it was discovered that CRE-mediated transcription is activated ( Fig. 1) and CREB is phosphorylated on Ser-133 in area CA1 and CA3 of the hippocampus after training for contextual and passive avoidance memory formation (Impey et al. 1998a) . CREB is also phosphorylated at Ser-133 in the hippocampus when mice are trained for novel objects . Furthermore, the traininginduced expression of CRE-mediated transcription depends on NMDA receptor and MAPK activities (Athos et al. 2002) . Moreover, Alberini's laboratory discovered that training for an inhibitory avoidance task also increases CREB phosphorylation at Ser-133 (Taubenfeld et al. 1999) .
To test whether increases in CRE-mediated gene expression in area CA1 of the hippocampus are obligatory for contextual memory formation, cannulated mice were bilaterally infused before behavioral training with either a CRE decoy oligonucleotide or control oligonucleotide of the same composition with a scrambled sequence (Athos et al. 2002) . When tested later, CRE decoy-treated mice display no memory for context and behave like naive animals. This study demonstrated that increased expression of one or more genes through CRE-mediated transcription is required for contextual memory. This experiment was inspired by a study performed by Dash and Kandel, who showed that injection of a CRE oligonucleotide into the nucleus of Aplysia sensory neurons blocks long-term facilitation (Dash et al. 1990 ). Interestingly, training for inhibitory avoidance memory stimulates the expression of the transcription factor CCAAT enhancer binding protein (C/EBP), a CRE-regulated gene product (Taubenfeld et al. 2001 ).
Mechanisms for Ca
2+ stimulation of the CREB/CRE transcriptional pathway How does Ca 2+ stimulate CRE-mediated transcription in neurons? Several kinases can activate CREB by catalyzing its phosphorylation at Ser-133. Synaptic activity and Ca 2+ influx trigger an early and transient phase of CREB phosphorylation, which is mediated by CaM kinase IV (CaMKIV) Wu et al. 2001) , as well as a persistent phase of phosphorylation (.5 min) mediated by MAPK signaling (Impey et al. 1998b) . In vivo studies performed in mice indicate that activation of MAPK, mitogen and stress-activated kinase 1 (MSK-1), and CREB during memory formation is dependent on CaM-stimulated adenylyl cyclase activity (Sindreu et al. 2007 ). When mice are trained for contextual memory formation, MAPK is activated and undergoes nuclear translocation in area CA1 of the hippocampus (Sindreu et al. 2007 ).
Role of Ca
2+ -stimulated adenylyl cyclases in LTM Eight of the known adenylyl cyclases are expressed in the hippocampus (for reviews, see Poser and Storm 2001; Wang and Storm 2003) . Of these, only type 1 adenylyl cyclase (AC1) and type 8 adenylyl cyclase (AC8) are stimulated by CaM and Ca 2+ . AC1 is neurospecific (Xia et al. 1993) and is expressed in the hippocampus (DG, CA1-CA3), neocortex, entorhinal cortex, cerebellar cortex, and the olfactory system (Xia et al. 1991) . To evaluate the physiological functions of AC1, the AC1 gene was disrupted in mice (Wu et al. 1995) . AC1 mutant mice show deficiencies in mossy fiber LTP (Villacres et al. 1998 ) and cerebellar LTP ). Mice lacking either AC1 or AC8 exhibit L-LTP and normal contextual and passive avoidance memory. Consequently, transgenic mice lacking both AC1 and AC8 (double-knockout, DKO mice) were examined for L-LTP and LTM (Wong et al. 1999) . Although AC1 2/2 and AC8 2/2 mice exhibit L-LTP and LTM for fear conditioning, DKO mice do not. To determine if the defect in passive avoidance LTM is due to a loss of cAMP increases in the hippocampus, DKO mutant mice were cannulated to deliver forskolin, a general adenylyl cyclase activator. Administration of forskolin to area CA1 right before training restored normal LTM. This indicates that Ca 2+ -stimulated adenylyl cyclase activity is essential for LTM, and that either AC1 or AC8 can generate the critical cAMP signal. More recently, it was discovered that memory for social recognition (Garelick et al. 2009) as well as the persistence of remote contextual memory are also dependent on CaM-stimulated adenylyl cyclases (Shan et al. 2008) .
Although it was known that CaM-stimulated adenylyl cyclases (Wu et al. 1995; Wong et al. 1999 ) and MAPK (Atkins et al. 1998; Blum et al. 1999 ) are critical for hippocampus-dependent memory, the extent of coactivation and crosstalk between these pathways in the same subset of neurons during fear conditioning had not been described. Using confocal imaging of hippocampus sections from trained and untrained mice, it was discovered that MAPK is activated in the nucleus and at the synapse of CA1 pyramidal neurons (Sindreu et al. 2007 ). Furthermore, PKA and MAPK are coactivated in a subset of hippocampal CA1 pyramidal neurons following contextual fear conditioning. Using transgenic mice lacking both AC1 and AC8, it was demonstrated that activation and nuclear translocation of MAPK during formation of contextual memory is dependent on CaM-stimulated adenylyl cyclase activity. Furthermore, there was a strong correlation between stimulation of MAPK and MSK-1, a downstream CREB kinase. These data support the hypothesis that activation of CaM-stimulated adenylyl cyclase activity is critical for memory formation because cAMP supports the nuclear translocation and activation of MAPK and hence the stimulation of CREB-mediated transcription (Fig. 2) .
Although data from several laboratories support the hypothesis that CaM-stimulated adenylyl cyclase and MAPK are required for consolidation of hippocampus-dependent memory, memory formation also depends on several other signaling events. Synaptic activity-induced CREB phosphorylation does not always result in transcriptional activation Impey et al. 1998b; Liu and Graybiel 1996; Fields et al. 1997) , suggesting that full activation of CREB-dependent transcription depends on other events. For example, NMDA activates transcription of CREB-responsive genes in primary hippocampal neurons, with CaMKIV responsible for phosphorylating the CREB coactivator, CBP, at Ser-301 . Furthermore, CaM kinase II plays a major role in memory (Bach et al. 1995) and is important for behavioral plasticity (Miller et al. 2002) . Other enzymes implicated in the formation and maintenance of memory includes PKMz (Sacktor 2011) and DNA methylases (Sweatt 2010) .
Circadian oscillation of cAMP and MAPK activity in the hippocampus depends on calmodulin-stimulated adenylyl cyclase activity Several studies have implicated the circadian rhythm in memory consolidation. For example, circadian phase shifting following training interferes with the retention of the hippocampusdependent Morris water maze task (Devan et al. 2001 ) and also causes retrograde amnesia for hippocampus-dependent passive avoidance memory (Tapp and Holloway 1981) . Furthermore, lesions of the suprachiasmatic nucleus (SCN) decrease hippocampus-dependent LTM in rodents (Stephan and Kovacevic 1978) . Aplysia also undergo circadian oscillations in long-term sensitization (Fernandez et al. 2003) . Moreover, there are additional studies in several species suggesting that circadian rhythm may play a critical role in memory consolidation (Maury and Queinnec 1992; Leirer et al. 1994; Chaudhury and Colwell 2002) .
Because of research implicating circadian rhythm in memory consolidation, we examined the activity of MAPK during the circadian cycle (Eckel-Mahan et al. 2008) . MAPK and Ca 2+ -stimulated adenylyl cyclase activities undergo a circadian oscillation in (Figs. 3, 4) that is paralleled by changes in Ras activity as well as the phosphorylation of MEK1 and CREB (Fig. 5; Eckel-Mahan et al. 2008) . The nadir of this activation cycle corresponds with severe deficits in hippocampus-dependent fear conditioning, under both diurnal and free-running conditions. Furthermore, circadian oscillations in cAMP and MAPK activity are absent in DKO mice, suggesting that cAMP controls the oscillation of MAPK (Fig. 6) . Disruption of this oscillation by administration of MEK inhibitors at the peak of MAPK activity blocks the oscillation of MAPK and impairs the maintenance of contextual memory. Furthermore, disruption of the MAPK oscillation by exposure of the mice to constant light conditions also impairs memory persistence. Administration of forskolin, an adenylyl cyclase activator, during the night when cAMP levels are lowest in mice impairs memory. These data suggest that the persistence of long-term memories may depend on reactivation of the cAMP/MAPK/CREB transcriptional pathway in the hippocampus during the circadian cycle and that oscillations in Ca 2+ -sensitive adenylyl cyclase activity may drive the circadian oscillation of the MAPK pathway. This suggests that that the expression or activity of AC1 and/or AC8 may undergo a circadian oscillation in the hippocampus.
Is the circadian oscillation of adenylyl cyclase and MAPK activities intrinsic to the hippocampus or is it driven by the master circadian clock in the suprachiasmatic nucleus (SCN)? To address this question, the SCN of mice was ablated by electrolytic lesion, and the mice were examined for hippocampus-dependent memory as well as adenylyl cyclase and MAPK activities (Phan et al. 2011) . Electrolytic lesion of the SCN 2 d after training for contextual fear memory reduces contextual memory measured 2 wk after training, indicating that maintenance of contextual memory depends on the SCN. Spatial memory measured in the Morris water maze is also compromised in SCN-lesioned mice. Moreover, the circadian oscillation of adenylyl cyclase and MAPK activities in the hippocampus is destroyed by lesioning of the SCN. These data support the hypothesis that hippocampus-dependent longterm memory is dependent on the SCN-controlled oscillation of the adenylyl cyclase/MAPK pathway/CRE-mediated transcriptional pathway in the hippocampus.
Can memory be enhanced by a genetic increase in AC1 activity?
On the basis of the studies described above, it was hypothesized that pharmacological or genetic increases in cAMP signaling in the hippocampus may augment memory, if the cAMP increases are not chronically elevated throughout the brain. To test this idea, hippocampus-dependent memory was examined in two different transgenic mouse strains in which adenylyl cyclase activity was increased. In the first case, mice in which the gene for G ia1 was ablated were examined. Genetic ablation of G ia1 by gene disruption causes a significant increase in hippocampal adenylyl cyclase activity and enhanced LTP in area CA1 . Furthermore, gene ablation of G ia1 or antisense oligonucleotidemediated depletion of G ia1 disrupted hippocampus-dependent memory. This suggested that G ia1 provides a critical mechanism for tonic inhibition of adenylyl cyclase activity in the hippocampus. The loss of G ia1 may amplify the responsiveness of CA1 postsynaptic neurons to stimuli that strengthen synaptic efficacy, thereby diminishing synapse-specific plasticity required for new memory formation. In other words, general nonspecific increases in cAMP across the hippocampus or other areas of brain may lead to saturation and memory defects. Furthermore, bilateral infusion of Sp-cAMP, a PKA activator into the prefrontal cortex, impairs working memory providing additional evidence to that that general increases in cAMP and PKA activity in various regions of the brain can impair memory (Taylor et al. 1999; Wang et al. 2007 ).
Because of the memory defects observed when G ia1 was ablated in the hippocampus, transgenic mice in which AC1 was overexpressed using the CaM kinase 2a promoter were generated (Mayford et al. 1996) to restrict increased adenylyl cyclase to the forebrain ). Since AC1 is a Ca 2+ -stimulated adenylyl cyclase, the largest cAMP increases in the AC1 + mice would occur during synaptic-specific, activity-dependent increases in intracellular Ca
2+
. AC1 + mice show elevated LTP, increased memory for novel objects , and social recognition (Garelick et al. 2009 ) as well as more persistent remote contextual memory (Shan et al. 2008) . However, the rate of + mice consistent with studies showing that memory extinction is impaired in CB1-receptor knockout mice (Marsicano et al. 2002) , another transgenic mouse strain that probably has elevated adenylyl cyclase activity in the hippocampus.
To determine if increasing AC1 expression improves memory when older mice are trained, fear, recognition, and spatial memory in mice aged to 25 mo were examined (Garelick et al. 2009 ). Young adult AC1 + mice have enhanced social recognition memory, and normal fear as well as spatial memory. Surprisingly, aged AC1 + mice had poorer spatial memory than age-matched wild-type littermates, a defect not seen with young AC1 + mice. There was no effect on contextual or passive avoidance memory of old mice. These data suggest that the decrease in Ca 2+ -stimulated adenylyl cyclase activity during aging of wild-type mice may be an adaptive mechanism required to maintain spatial memory function. This may be due to the fact that Ca 2+ influx through L-type voltage gated calcium channels in the hippocampus increases with age (Campbell et al. 1996; Thibault and Landfield 1996) , and clearance of internal Ca 2+ decreases with aging (Toescu and Verkhratsky 2007) . Therefore, Ca 2+ stimulation of cAMP through activation of AC1 may lead to excessive cAMP levels that impair memory formation in old mice but not young mice.
Data obtained with the AC1 + mice suggest that AC1 or AC8 may be useful drug target sites for enhancement of memory. Drugs that activate AC1 or AC8 only when they are stimulated by Ca 2+ would augment activity-dependent, synaptic-specific increases in brain cAMP without generating constitutive increases in cAMP that impair memory. However, it seems unlikely that general increases in cAMP levels in the mammalian brain will enhance memory. In addition, the rate of contextual memory extinction is impaired in AC1 + mice . A drug that enhances memory but impairs extinction may not be that desirable. Moreover, the discovery that the memory consolidation pathway undergoes a circadian oscillation and reaches a maximum during the rest phase suggests that cAMP-elevating drugs used to enhance memory should be administered at night when memories are being consolidated during sleep. Administration of cAMP-increasing drugs such as forskolin during the active period of the circadian cycle actually impairs memory by disruption of the circadian oscillation of cAMP in the hippocampus.
Summary
Training for hippocampus-dependent LTM increases cAMP signaling, MAP kinase activity, MSK1 activity, CREB phosphorylation at Ser-133, and CRE-mediated transcription in the hippocampus. Inhibition of this pathway using CRE oligonucleotide decoys or by disruption of the genes for AC1 and AC8 blocks memory consolidation. The persistence of hippocampus-dependent memory depends on the circadian oscillation of the CaM-sensitive adenylyl cyclase/MAPK/CRE- Figure 6 . AC1/AC8 double-knockout mice do not exhibit diurnal oscillations in pErk activity or cAMP in the hippocampus. (A) pMEK1/2, MEK1, pErk1/2, actin, and total Erk protein in pooled wild-type (WT) and DKO hippocampal tissue taken at ZT8 or ZT20. (B) Quantification of pErk relative to Erk expression in DKO animals. Two-tailed t-test; error bars, SE (n ¼ 10 for each genotype, n ¼ 5 per time point). (C) Quantification of the fold change in cAMP accumulation in DKO hippocampus at ZT8 and ZT20. P ¼ 0.1300. Two-tailed t-test; error bars, SE (error derived from four experiments, three hippocampal lobes pooled per time point per experiment). (Adapted from Eckel-Mahan et al. 2008.) mediated transcriptional pathway in the hippocampus. Calciumsensitive adenylyl cyclases are required for memory consolidation because they provide a cAMP signal during training that is required for the activation and nuclear translocation of MAPK during memory formation as well as the circadian oscillation of MAPK activity in the hippocampus. Drugs that activate AC1 when it is stimulated by synaptic specific, activity-dependent Ca 2+ increases may enhance memory, specifically when applied during the rest phase of the circadian cycle.
